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Summary
Young animals absorb and retain more calcium (Ca) than their older counterparts. The mechanism(s) for this age-related difference and the kinetics of intestinal calcium transport during maturation are not known. We determined, therefore, the unidirectional uptake and the transmural flux of 14'Ca] in everted duodenal and jejunal sacs of suckling, weanling, adolescent, and adult rats using f3H] dextran as a marker of adherent mucosal volume. These measurements were carried out over a wide range of Ca concentrations (0.5-30 mM). Results indicate an evolving pattern of intestinal calcium transport with different kinetic characteristics emerging as the animals matured. The active component of transport became more pronounced with increasing age. In adult rats Km and Jmax of [45Ca] duodenal and jejunal uptake were several-fold greater than corresponding values for suckling rats. Transport at higher calcium concentrations (10-30 mM) was non-saturable, and the 'permeability coefficient decreased with age. The transition to a more saturable process occurred around the time of weaning. These findings suggest that intestinal calcium transport is characterized by a maturation pattern that starts with a predominantly passive system during infancy and changes to a saturable active mechanism during maturation.
Studies of calcium balance indicate that calcium is absorbed and retained to a much greater degree in young growing animals than in their older counterparts. This suggests that calcium absorption and retention are governed by the particular need of the organism at the time, and requires a better understanding of calcium absorption.
The absorption of calcium from the intestine has been shown to possess characteristics of both active (9, 1 1, 12) and passive (7) processes. In adult rats, and other animals, the rate of calcium transport is greatest in the proximal small intestine and decreases along the distal length of the gut. The uptake of calcium into the intestinal tissue is saturable and is adversely affected by anoxia, low temperature, and various metabolic inhibitors (13) . These observations suggest an energy-requiring active process. Furthermore, the active transport of calcium appears to be dependent on 1,25-(OH)2 vitamin D3 (10) . Features of active transport are generally seen at calcium concentrations below 10 mM. At higher concentrations, calcium transport is predominantly a passive process (1 7). These studies, however, were camed out using adult animals, and the possibility that calcium transport in the very young may be unique has received little attention. The present studies were undertaken to characterize calcium transport in segments of the duodenum and jejunum of rats during maturation.
MATERIALS AND METHODS RESULTS
Two days after birth, rat pups were distributed for suckling Validation studies. The initial validation studies indicated that among the mothers to maintain a litter size of eight to nine pups tissue uptake of calcium ( Fig. 1A ) and its rate of serosal appearuntil the beginning of the study. Mothers and post-weanling rats ance (Fig. 1B) were linear with time up to 6 min. Similarly, tissue were fed a regular laboratory diet (Rat chow, Teklad Diets, weight was directly proportional to calcium uptake and to its Madison, WI). This diet contains 1.2% calcium, 0.8% phospho-serosal appearance (Fig. 2) . Results shown on Figures 1 and 2 rus, and 170 U/100 g of vitamin DZ. Adolescent and adult rats were purchased directly from Harlan Laboratory (Indianapolis, IN).
A TISSUE UPTAKE w
Measurements of unidirectional uptake of [45Ca]chloride were zz camed out according to the method of Sallee et al. (1 1) . Everted k i 6 0 0 -duodenal and jejunal sacs, 1.5-2 cm long, were obtained from I k suckling (2-wk-old), weanling (3-wk-old), adolescent (6-wk-old), and adult rats. Unfasted rats were killed by a blow on the head. All experiments were camed out between 8:OO-11:OO a.m. The abdominal cavity was opened and the duodenal and jejunal segments were removed by stripping them from the mesentery. The intestinal segments were washed with cold 0.9% saline ( n = [11] [12] [13] [14] [15] solution and everted over polyethylene tubing. The everted gut sacs were suspended in 20 ml of a buffer solution which was oxygenated continuously. The buffer solution contained 125 mM 
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The suspended sacs remained in the incubation solution at
37°C for a period of 3 min in order for transport to proceed,
then were quickly removed and rinsed in cold buffer solution.
The contents of each sac were saved for the determination of To measure the rate of calcium appearance in the serosal compartment (transmural flux), the serosal content of the sac 250-was emptied into a scintillation vial and additionally flushed with 2 ml buffer. This volume was shown previously to achieve the active calcium uptake were calculated by the use of Line- Fig. 2 . Jejunal tissue uptake and serosal appearance of calcium in weaver double reciprocal plots.
adolescent rats at calcium concentration of 5 mM in relation to tissue Statistical analysis. The data were subjected to analysis of dry weight. A linear relationship is noted between dry weight and both variance and P value of 0.05 was taken as the minimal limit of tissue uptake and serosal appearance of calcium. Tissue dry weights in significance (8) .
the studies were between 8-12 mg.
represent studies on jejunum of adolescent rats. Similar results were obtained with the duodenum and with the other groups of rats.
Tissue uptake at low Ca concentrations. Measurement of duo-
denal and jejunal tissue uptake of calcium over a range of 0.5-10 mM revealed an evolving pattern (Figs. 3 and 4) with different kinetic characteristics emerging as the animals matured. Saturation became more pronounced with increasing age, the difference between the suckling rats (2-wk-old) and adult rats was especially apparent.
Tissue uptake at high Ca concentrations. Unlike the saturable uptake of calcium at 0.5-10 mM, calcium uptake at 10-30 mM concentration was non-saturable in both the duodenum and jejunum at all age groups. A plot of the slopes against age in the rats studied is shown in Figure 5 . There was a decrease in the permeability coefficient with age. Comparison between the slopes (8) of the suckling and adult rats in both segments showed a highly significant difference (P < 0.0 1).
In the duodenal segment, Km and Jmax values were 0.58 mM and 79 nmo1/100 mg dry weight13 min, respectively. After weaning there was a 3-fold increase in Km values and 5-fold increase in Jmax values. There was a steady rise in Jmax values with age. Km values for adolescent and adult rats were similar. In the jejunal segments, Km and Jmax values for rats at each group showed a similar pattern with steady increase in Jmax values with age; however, Km values in the adolescent and adult rats were twice the corresponding values in the duodenal segments (Table 1) . the duodenum at all age groups studied. As seen in the suckling rats, the ratio was below 1 at calcium concentration above 2 mM indicating passive transport; however, in weanling, adolescent, and adult rats tissuelfluid ratio was greater than 1 at all calcium concentrations. A similar finding was also noted for the jejunal segment at all age groups studied.
Relationship between transmural transport and tissue uptake of calcium.

DISCUSSION
The intestinal absorption of calcium during maturation has been the subject of at least two studies using rats. Batt and Schachter (I), using tissue slices, noted that a linear relationship in 3-d-old rats between the accumulation of calcium in duodenal tissue and calcium concentrations in the incubation medium (0.1-2.0 mM), which suggested a passive process. This feature persisted until 2 wk of age, but at 3 wk a different relationship emerged, which suggested an active process. Our previous study, using an in vivo perfusion technique, also suggested passive calcium transport at 2 wk, but a saturable process at 3 and 6 wk. The first study measured net calcium accumulation at 1 h whereas the second study determined the rate of calcium disap pearance and the lumen to mucosa flux of [45Ca] from the intestinal lumen under steady-state conditions (4) . Neither study permitted the measurement of unidirectional tissue uptake of calcium and its transmural flux or the calculation of kinetic parameters.
The present study, designed to complement and extend the previous observations, allowed better characterization of the kinetics of calcium transport at various states of maturation in the rat. With maturation, there was gradual shift in the pattern of intestinal calcium transport (Figs. 3 and 4) Fig. 3 . Duodenal tissue uptake of calcium at 3 min in suckling, weanling, adolescent, and adult rats, in relation to calcium concentrations in the medium. With increasing age, a more saturable process is noted. Each point represents mean f SD. The curves were analyzed using MichaelisMenten kinetics in the double reciprocal plot. The solid lines represent total uptake (active and passive) and the dashed lines represent the active component. Km and Jmax values at each group are shown in Table 1 . 5 . The effect of age on the permeability coefficient of transmural transport of calcium (10-30 mM) in the duodenum and jejunum of the rats at different age groups. Transport of calcium at these concentrations is non-saturable. The permeability coefficient decreases with age. There is a significant difference between the slopes of the suckling and adult rats (P < 0.01), suggesting greater permeability of the intestinal membranes in the suckling rats compared with the adult rats. Km in the suckling period to a higher Km as the animals mature. This pattern was seen in both duodenal and jejunal segments. Furthermore, the active component of calcium uptake appeared to increase with maturation, indicating a predominantly passive transport at the suckling period that changes to a predominately active process by the adult period. These findings are supported further by the finding of fluidltissue ratio of <1 at a calcium concentration >2 mM, indicating a predominantly passive process in the suckling period compared with a ratio of >1 at all other age groups, which indicates a predominantly active process (Fig. 6 ). It is of interest to note that this change occurs by the time of weaning. A similar observation in the change transport kinetics was noted by others for glucose transport in the rat during maturation. Km values for glucose transport in the small intestine of suckling rats was 7.2 mM compared with Km of 16.7 mM in the post-weanling rat. Jmax values in suckling rats were half those observed for the post-weanling period (1 5). Increasing Km was also noted by Thomson (14) for intestinal glucose transport in rabbits. He found an apparent Km of 0.5 mM at 1 wk of age and 4.0 mM in the adult. Km values for Zwk-old and 1 2-wk-old rabbits were intermediate between values of the 1 -wkold and the adult rabbits; thus, maturation in both rats and rabbits may be associated with a rise in Km. The mechanism of the changing Km for transport is not clear; it may be related to increased affinity for the permeant or to a lesser thickness of the unstirred water layer adjacent to the intestinal villi in the young animal as compared with the adult. But neither increased affinity nor decreased thickness of the unstirred water layer alone, without opening new sites for active transport capacity, could adequately account for the change in Fig. 6 . The effect of age on the ratio of tissue uptake of calcium/ serosal appearance of calcium in the duodenal segments at all age groups studied. Tissue/fluid ratio was below 1 at calcium concentration above 2 mM in suckling rats, indicating a predominately passive process. Tissue/fluid ratio was greater than 1 at all calcium concentrations in weanling, adolescent, and adult rats, indicating a predominately active process.
the maximal transport capacity. More studies are required to elucidate this maturational aspect of intestinal transport.
Concomitant with the change in Km there was a steady rise in the maximal transport capacity of the jejunum for calcium transport as indicated by the increase in Jmax (Table 1) with advancing maturity. In contrast, intestinal transport of calcium at higher concentrations (10-30 mM) proceeds by a non-saturable process, suggesting a predominately passive mechanism. Furthermore, the greater rate of passive transport during the suckling period compared with the adult period suggests greater permeability of the intestine to calcium during infancy. This is supported by the gradual decrease in permeability coefficient with advancing age (Fig. 5) .
These findings suggest that the intestinal transport of calcium in the rat is characterized by a maturation pattern that starts with a predominantly passive system and greater mucosal permeability during infancy and changes to a saturable system and lesser mucosal permeability during maturation. It is intriguing that the transition appears to be during the weaning period.
The factors responsible for the transition of calcium transport are not known, but some of the events which may occur during the weaning period are worth considering. First, there may be an increase in the level of serum corticosterone. In suckling rats, serum corticosterone level was reported to be 3 pgf100 ml. At the time of weaning a 2-fold increase occurs and after 4 wk of age, corticosterone levels increase to over 15 pgJ100 ml (2) .
Administration of corticosterone to suckling rats resulted in a significant decrease in intestinal calcium transport, for which no effect was noted in the adult rats (16) . These results imply a different mechanism for calcium transport in the rat during maturation, which may be influenced by corticosteroid level. Corticosteroid administration to suckling rats may cause early maturation of the intestinal membranes which function similar to adult rat membranes. Second, there may be an alteration in the biochemical composition of enterocyte brush-border membranes and changes in enzyme activities (3) . Third, the thickness of the unstirred water layer adjacent to the intestinal villi may be less in the young than in the adult, but may increase as the animals get older. Fourth, the change to a saturable calcium transport may be related to the maturation of an intestinal calcium binding protein paralleled by the maturation of cholecalciferol hydroxylases. Indeed, immunoreactive calcium binding protein and calcium activity are markedly enhanced during the weanling period in the rat (5) . Calcium transport in the intestine during early development was found not to be mediated by vitamin D, but a vitamin D-sensitive transport system developed around the time of weaning (6) . This is consistent with the development of a saturable calcium transport at this transition period. Nevertheless, whatever the underlying factors may be, it is clear that the kinetic characteristics of calcium transport undergo a change as the animal matures.
